Nongenotoxic hepatocarcinogens have been proposed to inhibit hepatocyte apoptosis, preventing the removal of DNA-damaged cells. Conclusive proof of this hypothesis has been hindered by the lack of a marker or stain for apoptosis suitable for high throughput counting. A method is described for the detection of apoptotic bodies (AB) in paraffin sections of rat liver using an in situ end labeling (ISEL) technique that detects DNA damage. Results of this AB quantitation were compared with routine hematoxylin-eosin (H&E)stained sections. The number of apoptotic bodies was enhanced by the withdrawal of the rodent nongenotoxic hepatocarcinogens and hepatomitogens nafenopin (naf) or cyproterone acetate (CPA) after 7 days of daily dosing. In rat livers 24-96 hr after cessation of dosing with naf, and in control livers, an AB index of approximately 0.1% of hepatocyte nuclei was seen when stained by H&E or ISEL. However, livers examined 48 hr after cessation of 7 days of daily dosing with CPA had an AB index of approximately 1&deg;lo hepatocyte nuclei when stained with H&E, but only approximately 0.4% hepatocyte nuclei using the ISEL technique. Thus, CPA withdrawal from the hyperplastic liver generated a wave of apoptosis in contrast to naf withdrawal where little was seen up to 96 hr after withdrawal. The differing kinetics of CPA and naf clearance may explain this discrepancy. Less apoptosis was detected by the ISEL method following CPA withdrawal; this could arise if the stage of apoptosis labeled by ISEL is shorter than the morphologically recognizable stages (using H&E). The ISEL method for the evaluation of AB indices is useful in parallel with H&E, although more validation is required before it can be used routinely for the quantitation of AB in tissue sections.
INTRODUCTION
Recent interest in apoptosis as a modulator of cell kinetics (2) has led to the need for quantitative information on the incidence of apoptotic bodies (AB) in tissues such as the liver. To date the limited data on AB incidence have derived from tissue sections stained routinely with hematoxylin and eosin (H&E). This method is subjective, time consuming, and costly because it requires expert interpretation to distinguish AB from other profiles such as cells in metaphase and neutrophils. Although ultrastructural identification has been regarded as the most de-finitive morphologic method (3) , this is too laborious for routine quantitative assessment involving large numbers of tissue sections. Thus, a staining technique specific for ABs would facilitate quantification of these structures, possibly by an automated or semiautomated method. This is desirable because ABs in the liver are normally sparsely scattered (17) , being estimated to be in the morphologically recognizable stage of apoptosis for approximately 4 hr (6) .
Fragmentation of nuclear DNA is one of the most consistent features of apoptosis (8) . The an situ end labeling (ISEL) technique incorporates labeled nucleotides at sites of DNA damage such as single strand breaks (nicks) and free 3' ends ( Fig. 1 ). The labeling of such DNA damage offers a potential technique for the selective visualization of ABs. This report describes the application of ISEL to quantitate AB incidence after the withdrawal of hepatomitogens. Data are compared with AB incidence in the liver evaluated by H&E staining. In order to enhance the number of detectable ABs, we used inducers of liver hyperplasia followed by withdrawal of treatment, a recognized technique for the induction of apoptosis (5) .
MATERIALS AND METHODS
Animals. Male and female Alderley Park (AP) rats (Wistar derived), approximately 4 wk of age, were obtained from the Barriered Animal Breeding Unit (BABU) Alderley Park. For 2 wk prior to the start of the study, the animals, housed singly, were exposed to a reverse light/dark rhythm with the lights off from 0900 to 2100 hr and with lights on from 2100 to 0900 hr (5) . During this period and throughout the subsequent test period the rats were given water ad libitum with standard pelleted CTI diet available for 5 hr each day between 0900 and 1400 hr.
Chemicals. Cyproterone acetate PA (CPA; Schering AG, Berlin), a synthetic sex steroid and nafenopin (naf; Ciba Geigy, Basel), a peroxisome proliferator were used as hepatomitogens.
Experimental Design. Ten female rats received CPA dissolved in corn oil by gavage once daily between 0800 and 0900 hr. The dose of CPA was 100 mg/kg/day for 3 days, followed by 130 mg/kg/day for 4 days at a constant volume of 10 ml/kg (5) .
Sixteen male rats received naf in corn oil by gavage once daily between 0800 and 0900 hr. The dose of naf was 25 mg/kg/day for 7 days at a volume of 10 ml/kg. Finally, 8 control male rats received corn oil vehicle alone by gavage between 0800 and 0900 hr.
Control rats and rats receiving CPA were sacrificed 48 hr after the last dose. Rats receiving naf were terminated in groups of 4 at 24, 48, 72, and 96 hr after the last dose. All rats were euthanized by cardiac puncture under deep anesthesia with halothane Ph.Eur. (Fluothane, Zeneca Pharmaceuticals Division, Macclesfield, UK) vapor. Following euthanasia, livers were removed, blotted, and weighed. Liver samples were fixed by immersion in 10% buffered formalin for 24 hr.
Histology. Liver samples were removed from fixative after 24 hr and processed routinely to paraffin blocks. Sections were cut at 4-6 4m and mounted on glass slides that had been coated with 1 % 3-aminopropyltriethoxysilane (APTS; Sigma, Poole, Dorset, UK) in acetone.
End Labeling Technique. ISEL was based on the in situ nick translation technique described previously (16) polymerase activity and therefore can only fill in from free 3' ends [reprinted with permission from Maniatis et al. (15) ]. first hydrated allowing 5 min in each batch of xylene, and 3 min in each batch of alcohol and graded alcohols. Fresh solvents were used to minimize any contamination that could interfere with the enzymatic reaction. Finally, the slides were washed well in double distilled water (DDW).
Sections were incubated first in 10 mM Tris-HCI buffer (pH 8) for 5 min, then with 20 mg/ml proteinase K (Sigma) in 10 mM Tris-HCI buffer (pH 8) at room temperature for 15 min. Sections were then washed well in DDW (4 times for 2 min each). Endogenous peroxidase was inactivated by 0.3% (w/ v) hydrogen peroxide in methanol for 30 min at room temperature followed by rinsing in DDW and then washing in phosphate-buffered saline (PBS). Sections were then incubated in 0.5% Tween (Aldrich, Gillingham, Dorset, UK) in PBS for 10 min before washing in PBS.
This was followed by incubation with the nick apoptosis was performed by evaluating the incidence of ABs in both H&E-stained sections and ISEL-stained sections. In the H&E material, AB were counted only if they contained recognizable basophilic chromatin. The total number of ABs were counted in 20 fields using an eyepiece graticule with a 40 x objective. The total number of hepatocyte nuclei were then counted in 5 fields. In the ISEL material, AB were counted if they stained with DAB. Again ABs were counted in 20 fields and total hepatocyte nuclei in 5 fields. This gave at least 800-1,000 hepatocyte nuclei per liver.
After evaluation, both sets of figures were adjusted to give an overall count of apoptotic bodies per 100 hepatocyte nuclei (AB%). Statistical Analysis. Statistical analyses were conducted using the Student's t-test, 2-sided.
RESULTS
Forty-eight hours after cessation of CPA dosing, large numbers of hepatocytes were undergoing apoptosis, many appearing as discrete, eosinophilic, membrane-bound ABs (Fig. 1) . Control liver and naf-treated livers had fewer apoptotic cells and fewer membrane-bound bodies.
The results of the ISEL technique are illustrated in Figs. 2 and 3 . The chromogenic reaction characteristically stained the entire AB as well as the perimeter of the typical crescent-shaped space re- 
-oaõ~a 'Q 3 <giP < sulting from the shrinkage of the cell. Control sections incubated with buffer or in the absence of polymerase failed to show this pattern of staining in cells with characteristic apoptotic morphology. Results of the AB quantitation together with liver to bodyweight ratio (LBR) and mean hepatocytes per field are given in Table I . LBRs indicate liver enlargement after dosing with both CPA and naf as well as the liver reduction after withdrawal. Control livers had an AB incidence of approximately 0.1 % with good correlation between H&E and ISEL counts. This figure was increased 10-fold after withdrawal of CPA dosing. However, there was a discrepancy in the frequency of AB detected by H&E and ISEL following CPA withdrawal; ISEL staining detected fewer of the ABs detected by H&E staining. No significant increase in AB levels after the withdrawal of naf was detected even though LBRs were decreasing throughout. Thus AB levels remained at control levels 24-96 hr postwithdrawal even though the liver weights decreased by 24%. The increased numbers of hepatocytes per field after 48 hr of naf withdrawal are indicative of cellular atrophy. There was good correlation in ABs with the 2 staining techniques at all 4 time points after naf withdrawal.
DISCUSSION
We have described an end labeling technique (ISEL) for the detection of ABs in paraffin sections of rat liver. The ability to stain AB selectively is a prerequisite to determine accurately the role of apoptosis in deleting damaged cell populations and remodeling organ growth ( 14, 17) . Many factors have slowed progress in the development of such a stain. Firstly, apoptotic bodies are seen infrequently in control liver tissue because apoptosis is relatively rare (0.1-0.5%) and is only recognizable for approximately 4 hr (6) . Secondly, the process of apoptosis does not lend itself to a cumulative assessment similar to the bromodeoxyuridine technique (10, 13) now used to label DNA synthesis enabling rapid automated quantitation of cell proliferation in large numbers of tissue sections (19) . To facilitate development of our ISEL technique, the number of liver ABs was maximized by withdrawing the hepatomitogen, CPA (4, 5) .
Existing data on AB indices in liver tissue sections are very limited. Benedetti et al (3) quantified AB in rat liver but only in relation to acinar distribution rather than to an overall tissue incidence. Bursch et al (4, 5) , in their initial studies, found AB values of 0.05 and 0.02% of hepatocyte nuclei (AB with chromatin fragments) in control rat livers using H&E evaluation. Similarly, figures for AB incidence after CPA withdrawal were 1.7 and 1.04% (4). These figures correlate quite well with our findings given the subjectivity of H&E evaluation of AB in tissue sections. In contrast to our data, Oberhammer et al (16) found no labeling of the single-stranded DNA breaks in AB by her in situ technique and concluded that there was no significant fragmentation of hepatocyte DNA associated with apoptotic chromatin condensation (16) . These data differ from ours where around a third of AB were ISEL positive, supporting a role for single-stranded DNA breaks in chromatin condensation. This only partial correlation between ISEL and H&E suggests that such breaks either precede or succeed condensation rather than coinciding precisely. Interestingly, Oberhammer et al (16) found some labeling of DNA damage using the terminal transferase enzyme, which detects double-stranded DNA breaks. For our study, we opted for a technique specific for single-stranded breaks, due to the controversy over the relevance of double-stranded DNA breaks particularly to liver apoptosis (18) .
ISEL utilizes the presence of DNA single strand breaks in apoptosis. Our ISEL technique resulted in characteristic staining not only of the condensed nucleus in the AB, but also the cytoplasm and often a crescent-shaped rim left by the shrinking cell. This suggests leakage of DNA fragments out of the nucleus, either as part of the apoptotic process or as an artifact of the subsequent tissue processing and staining procedure (20) . Chromatin degradation begins 2-4 hr before the plasma membrane breakdown associated with eosin uptake is observed (9) . Our method utilizes the Komberg polymerase (DNA polymerase I). This has the ability to achieve both nick translation as well as having 5' ==> 3' &dquo;fill-in&dquo; activity. By contrast, the Klenow fragment of DNA polymerase I only has polymerase activity ( Fig. 1 ) and cannot nick translate from single-stranded breaks (15) . Wijsman et al (20) (1) used the Klenow fragment. To date, no demonstrable differences in staining between the 2 enzymes have been reported. This is surprising considering their differing specificities and suggests that a considerable part of the DNA damage occurring during apoptosis generates free 3' ends rather than single-stranded breaks. It is as yet unclear how these findings equate with the generation of the classic 180-bp DNA ladders or the generation of the 50-kb chromatin loops that are thought to precede endonuclease activity (18) .
Bursch et al (4) (5) (6) suggested that the short duration of visible apoptosis (about 4 hr) could explain the discrepancy that appears to exist between the low number of AB found at any given time and the loss of substantial DNA (25% in 6 days in their study) after withdrawal of CPA. Similarly, we have not been able to demonstrate a significant role for apoptosis in the 24% loss in liver weight over 96 hr of naf withdrawal despite the considerable improvement in our detection limit (> 0.3% difference) compared to the 5% difference detection limit discussed by Wyllie and Duvall (21 ) . In our system, increases below 0.3% would remain undetected even though they could lead to a hepatocyte loss as high as 7% if maintained for the whole period. Our data suggest that liver weight loss over the 96-hr period after naf withdrawal is mainly due to cellular atrophy, although a role for apoptosis cannot be ruled out.
This study has illustrated the potential of labeling DNA single strand breaks as a means of distinguishing AB in tissue sections. Variation in AB indices after CPA withdrawal between ISEL and H&E staining underlines the need for caution before this technique can be incorporated into studies of cell proliferation and deletion, especially because it has been reported that strand breaks are not unique to apoptosis and may be seen in hepatocyte necrosis (7) . Clearly further validation of the ISEL technique is necessary before it can be used confidently alone.
